iodide; cyclamate LEAK CURRENTS are generally displayed by cotransporters and countertransporters in the absence of their specific substrate. Na ϩ leaks have been commonly observed through many Na ϩ -coupled transport proteins of the solute-linked carrier (SLC) superfamily including the Na ϩ /glucose cotransporters (40) , Na ϩ /phosphate cotransporters (13) , Na ϩ /iodide cotransporter (12) , and the Na ϩ /myo-inositol cotransporter (9) . Better studied are the leak currents in neurotransmitter cotransporters such as the GABA transporter (Li ϩ -dependent leak for GAT1 and GAT3) (18) , the serotonin transporter (proton leak for rSERT) (6, 24) , and the dopamine transporter (also a proton leak) (34) . Although little is known about any possible function for leak currents, the study by Accardi and Miller (1) is useful both for becoming able to clearly delineate the actual cotransport currents as well as for better understanding cotransport mechanisms and, recently, purported leak currents have been shown to represent the true physiological function of a transporter.
Initial characterization of the cotransporter encoded by the SLC5A8 gene suggested that it was apically expressed in thyrocytes and that it passively transported iodide ions when transfected into a monkey renal cell line (29) , and therefore the protein was originally named the apical iodide transporter (AIT). Although pendrin had been proposed to mediate iodide flux across the apical membranes of thyrocytes (31) , there is strong evidence that other proteins are responsible for at least part of the apical iodide flux (29, 30) . In agreement with the function suggested for it, AIT was shown to be expressed in the apical membranes of thyroid cells (29) , although it is also strongly expressed in colon and kidney (2, 37) .
More recent studies, expressing SLC5A8 mRNA in Xenopus oocytes, demonstrated that the AIT protein actually functions as a Na ϩ /monocarboxylate cotransporter. The protein transports a wide variety of monocarboxylates, including lactate and short-chain fatty acids, but does not cotransport iodide or other inorganic anions; it was renamed SMCT and, subsequently, SMCT1 (8, 25, 35) . SMCT1 is potently inhibited by ibuprofen, a derivative of propionic acid (8) .
There are, however, some interactions between SMCT1 and inorganic anions. First, Cl Ϫ dependence was reported for the cotransport activity of SMCT1 (8) , although this finding has been disputed (16) . In addition, an outwardly-rectifying leak current was also observed to be mediated by this protein (8) ; the Na ϩ dependence of the current was uncertain, but it was clearly Cl Ϫ dependent. The nature of the ion flux involved in the SMCT1 leak current has been tentatively identified as an influx of anions (8) .
In this work, we demonstrate that the cotransport of monocarboxylates through SMCT1 is not Cl Ϫ dependent. More importantly, the leak current through SMCT1 is indeed composed of an anionic flux that displays the following selectivity NO 3 Ϫ ϾI Ϫ ϾBr Ϫ ϾCl Ϫ ϾMES Ϫ and is capable of producing large currents.
MATERIALS AND METHODS
Reagents. NaNO3, NaI, and NaBr were from Fisher Scientific Canada (Nepean, ON). All other chemicals were obtained from Sigma-Aldrich Canada (Oakville, ON).
Oocyte preparation. Oocytes were surgically removed from gravid Xenopus laevis frogs (University of Alberta, Edmonton, Canada) following cutaneous application of tricaine [15 min exposure to 1.33% tricaine (3-aminobenzoic acid ethyl ester) in the surrounding water, buffered with 40 mM KHCO 3] . Individually dissected oocytes were defolliculated by collagenase digestion in a Ca 2ϩ -free, buffered saline solution (200 mosmol/l) and were thereafter maintained at 18°C in Barth's solution [in mM: 90 NaCl, 3 KCl, 0.82 MgSO 4, 0.41 CaCl2, 0.33 Ca(NO 3)2, and 5 HEPES, pH 7.6] supplemented with 100 U/ml penicillin and 0.1 mg/ml streptomycin. All experiments were per-formed in accordance with the regulations of the Comité de déontolo-gie de l'expérimentation sur les animaux of the Université de Montréal.
mRNA preparation and injection. Human SMCT1 mRNA was prepared from the vector pT7TS-SMCT1 (8), which had been cleaved with the restriction endonuclease SalI. In vitro transcription was performed using the T7 mMessage mMachine kit from Ambion (Woodward, TX). mRNA (46 nl, 0.1 g/l) was injected into the oocytes 1-2 days after surgical isolation; the oocytes were assayed for transporter activity at 4 -8 days following mRNA injection.
Two microelectrode voltage-clamp recording. Oocyte currents were measured with standard two-microelectrode voltage-clamp techniques (9) . In brief, a commercial amplifier (oocyte clamp model OC-725, Warner Instruments, Hamden, CT) was used, and data were recorded using Clampex 8.1 software (Axon Instruments, Union City, CA). Oocytes were superfused (ϳ1.5 ml/min) with a saline solution (ND96) containing (in mM) 96 NaCl, 2 KCl, 1 MgCl 2, 1.8 CaCl2, and 5 HEPES-Tris, pH 7.6. After microelectrode impalement, a stabilization period of 3-10 min was observed. Oocytes with membrane potentials less negative than Ϫ35 mV were discarded. Membrane potential was held at Ϫ50 mV, from which a voltage range from ϩ50 to Ϫ150 mV was covered at 20-mV intervals. The oocyte membrane potential was stepped to each new level for a 150-ms period, and traces were analyzed by averaging the signal in a 50-ms window following the complete decay of capacitive transient currents. Measurements were generally recorded in the presence and absence of a particular substrate, and the substrate-specific current was determined by subtraction of one current from the other. All experiments were performed at room temperature (ϳ23°C). For some experiments, 25 mM NaCl was replaced with 25 mM NaHCO 3. This was accomplished using a buffered solution that was infused with 95% air, 5% CO2 for half an hour before use, and during the experiment, to maintain a constant pH level. It should be noted that the pH level of this solution, which contains both bicarbonate and HEPES-Tris, was actually 7.5 rather than the level of 7.6, which was present in all other solutions. By standard convention, inward and outward currents were defined with respect to the movement of positive charges; thus, a movement of anions outward from the cell is described as an inward current. We shall adhere to this convention, although when referring to a specific ionic flux (rather than a current associated with an ionic flux) we shall use outward and inward with respect to the actual direction of movement of these ions. Where required, Na ϩ was isotonically replaced by N-methyl-D-glucamine (NMDG ϩ ). Injection of NO3 Ϫ or I Ϫ was performed during voltage clamp with a Drummond oocyte microinjector (Drummon Scientific, Broomall, PA) by injecting 23 l of 200 mM NMDGI or NMDGNO3. The microinjector was positioned directly above the oocyte, and several minutes were allowed for the injected ions to diffuse throughout the cell before subsequent measurements (7) .
Presteady-state current recording. After the decay of capacitive transient currents while clamping voltage to various levels, presteadystate currents could be observed in oocytes that expressed SMCT1, and these transient currents were sensitive to the presence of either ibuprofen or SMCT1 substrates (see Fig. 1A ). With the use of the same pulse protocol as described above, presteady-state current analysis (Q-V curves) was performed by subtracting the integrated baseline-corrected currents in ibuprofen solution (1 mM) from similar currents in saline solution. To avoid contamination of the results by the steady-state currents, all currents were examined by measuring the "off responses" when the oocyte returned from the voltage pulses to Ϫ50 mV. Integration of the measured presteady-state currents from each potential yielded a total charge transferred (Q). The change in Q as membrane potential changed was fitted to the Boltzmann equation (15) with an asymptote set to 0 at hyperpolarizing voltages.
Statistical analysis. Analysis of variance was performed to determine whether inequalities existed between groups; the means were compared using Tukey's test. Student's paired t-test was used for examining the interaction between leak and cotransport currents as well as for the effects of different inhibitors on the leak current. P Ͻ 0.05 was considered significant. All statistical analyses were performed using Origin 7.0 software (OriginLab, Northampton, MA).
RESULTS
Steady-state currents from oocytes expressing SMCT1 were measured at different holding potentials (see Fig. 1 for typical oocyte currents). Superfusion of the oocyte with either the SMCT1 substrate lactate or with the SMCT1 inhibitor ibuprofen affected the steady-state currents. To more clearly represent the actual currents passing through SMCT1, the I leak Fig. 1 . Typical SMCT1 current measurements. A: presteady-state currents can be observed whenever the voltage-clamped Xenopus oocyte membrane potential is changed; in this representative experiment, membrane potential was briefly clamped to different levels from the holding potential of Ϫ50 mV. The tracings shown here represent the difference between recordings measured in the presence and absence of 1 mM ibuprofen (Ibu), eliminating both the brief capacitive currents induced when changing membrane potential and the non-SMCT1 currents of the oocyte itself. Note that the rapidly inactivating, presteady-state currents were superceded by steady-state cotransporter currents at each of the different membrane potentials, and that presteady-state currents were again observed when membrane potential returned to Ϫ50 mV. B: steady-state currents passing through an SMCT1-expressing oocyte were measured while the cell was superfused with ND96 saline solution or with ND96 containing either 0.1 mM Na lactate (substrate) or 1 mM Ibu (inhibitor). C: subtraction of currents measured in saline solution from those measured in the presence of lactate yield cotransport current (Icotr), whereas subtraction of currents measured in the presence of Ibu from those measured in saline solution yield leak current (Ileak). The data shown were obtained from the data depicted in B.
(current measured in the presence of ibuprofen subtracted from current measured in saline) and I cotr (current measured in saline subtracted from current measured in the presence of lactate) are shown in Fig. 1C . The leak current is outwardly rectifying, vanishing at membrane potentials more negative than Ϫ30 mV. (Fig. 1C) .
Effects of replacement anions on SMCT1 cotransport. In a previous article, we reported that replacing external Cl Ϫ by cyclamate reduced the cotransport current by half. A prerequisite to examining the effects of anions on SMCT1 currents must be the identification of an appropriate anionic replacement species. To unambiguously ascertain whether SMCT1 is affected by external Cl Ϫ , we began by replacing half of the external NaCl with mannitol. As Fig. 2A illustrates, replacement of 50 mM NaCl with 100 mM mannitol made no significant difference in the level of current generated by inward Na ϩ /lactate cotransport (as measured at a membrane potential of Ϫ110 mV). Subsequent replacement of the mannitol with either 50 mM NMDG cyclamate or with 50 mM Na cyclamate reduced the SMCT1 cotransport current by nearly half. There was no difference between the levels of cotransport current when Cl Ϫ was paired with either NMDG ϩ or with Na ϩ . Consequently, we conclude that the reduced cotransport current observed in the presence of cyclamate is not due to the low Cl Ϫ concentration, as we had previously thought (8), but is rather due to an inhibitory effect of cyclamate itself. The inhibitory effect of cyclamate was further examined by measuring the apparent affinity for lactate in the presence of different concentrations of cyclamate. When the K m for lactate was determined in the presence of three different concentrations of external cyclamate, there was a linear increase in the K m for lactate, which indicates competitive inhibition of cotransport by cyclamate with a K i of ϳ30 mM (Fig. 2B) . Although gluconate and aspartate are common replacements for chloride, we found that both anions actually function as substrates for SMCT1 cotransport (see Fig. 2C ). In contrast, the sulfonate 2-(N-morpholino)ethanesulfonate (MES Ϫ ) did not induce any cotransport current through SMCT1 nor did it inhibit SMCT1 Na ϩ /lactate cotransport activity (see Fig. 2D ).
Consequently, MES
Ϫ is a suitable replacement anion for Cl Ϫ when investigating SMCT1 activity. SMCT1 leak current represents anion influx. Although Cl Ϫ removal has no apparent effect on cotransport through SMCT1, the leak current through SMCT1 at positive membrane potentials is Cl Ϫ dependent and might be due to an anionic influx. As Fig. 3A shows, very large currents (greater than the cotransport currents observed at negative potentials) passed through SMCT1 at depolarized potentials when nitrate or iodide ions replaced most of the chloride in the superfusing solution, indicating that the outward current was due to an influx of anions. Smaller currents were seen when the oocytes were superfused with a saline solution containing Br Ϫ and currents were smaller still with Cl Ϫ . MES Ϫ , which does not affect cotransport activity, did not appear to pass through the leak pathway in any significant manner, i.e., the ibuprofen-sensitive current in the presence of MES Ϫ was negligible at all potentials studied. Similarly, no current was seen when lactate or propionate was superfused in the absence of Na 
. Effects of Cl
Ϫ and of replacement anions on SMCT1 cotransport. A: ND96 solution superfusing SMCT1-expressing oocytes was replaced by isotonic solutions in which a portion of the NaCl was replaced by other salts or by mannitol; 50 M lactate was present under all conditions used. **Significant difference in current at Ϫ110 mV from that measured in 96 mM NaCl (P Ͻ 0.05). The statistical analysis was performed using the original current measurements. To add clarity to the figure, the current measurements from each oocyte were normalized to the current measured in 96 mM NaCl. Bars represent means Ϯ SE of normalized currents, n ϭ 8. B: various proportions of extracellular Cl Ϫ were replaced by cyclamate Ϫ in the superfusion solution, and the currents induced by different concentrations of lactate were measured in SMCT1-expressing oocytes at Ϫ110 mV membrane potential. The lactate-dependent currents were fitted to the Michaelis-Menten equation to derive the apparent Km for lactate at each concentration of cyclamate Ϫ . Values equal means Ϯ SE for each Km, n ϭ 7 oocytes, from a total of 3 donor animals. C: typical tracing result is shown from an experiment where a Xenopus oocyte expressing SMCT1 was superfused with solutions where the Na ϩ salts of gluconate Ϫ and aspartate Ϫ , two commonly used replacement anions, at 96 mM; 1 mM ibuprofen blocks the currents induced by both gluconate Ϫ and aspartate Ϫ . D: anion 2-(N-morpholino)ethanesulfonic acid (MES) was used as a Cl Ϫ replacement and assessed as described in A; values represent means Ϯ SE. There were no significant differences between the currents measured in the presence or absence of MES. n ϭ 8. that these anions do not pass through the leak pathway (data not shown). We further characterized the anionic leak current by measuring it in the presence of different concentrations of external I Ϫ and Cl Ϫ (replaced with MES Ϫ , see Fig. 3B ). Fitting of either set of data to a Michaelis-Menten model was impossible due to the quasilinear increase in current as the concentration of either anion was raised. Although a small increase in current at positive transmembrane potentials is observed when control oocytes (water injected) were exposed to an external [I Ϫ ] of 96 mM, these currents were an order of magnitude smaller than those observed with SMCT1 and they were not inhibited by ibuprofen. When SMCT1-expressing oocytes were superfused with solutions containing 25 mM lactate or propionate, inward cotransport currents were observed at all potentials, and there was no evidence of any leak current activity associated with the lactate or propionate (see Fig. 3C ), whereas 25 mM iodide produced a large inward current at positive membrane potentials. Hence the leak current activity is not observed with actual cotransported substrates of SMCT1.
We also examined the possibility of bicarbonate movement through SMCT1 due to the relatively high concentration of this anion in blood. Figure 4 shows that addition of 25 mM bicarbonate to the superfusing solution had no effect on either the cotransport current or the leak current through SMCT1. Thus, although bicarbonate is similar in structure and size to the anions mediating the leak current through this protein, it does not appear to pass through SMCT1.
Leak current passes through SMCT1 itself. One possible cause for the leak currents is that expression of the SMCT1 protein may stimulate the expression or activity of an anion channel that is native to the oocyte. This could account for the appearance of this leak current in SMCT1-expressing oocytes and for its absence in control oocytes. To confirm that the leak current passes through SMCT1 itself, we examined the effects of iodide on the presteady-state currents associated with Fig. 4 . Bicarbonate ions do not pass through SMCT1. Bicarbonate (25 mM) was introduced to the superfusion medium accompanied by infusion of 5% CO2-95% gas. Currents measured while oocytes were superfused with this solution were compared with currents measured when oocytes were superfused with solutions where 25 mM of other anions were present. Cl Ϫ (79 mM) was always present in addition to 25 mM of the anions listed in the figure. A: Ileak were defined as the difference between currents measured in the presence and absence of 1 mM ibuprofen. B: Icotr were defined as the difference between currents measured in the presence and absence of 0.05 mM Na lactate. Symbols shown identify specific anions as listed in A. Ϫ with alternative inorganic anions (or MES Ϫ ) and measuring the ibuprofen-sensitive currents passing through SMCT1-expressing oocytes at different membrane potentials. When other anions were used, Cl Ϫ was always present at 8 mM. As the mobilities of NO3 Ϫ , I Ϫ , and Br Ϫ are comparable to the Cl Ϫ mobility, changes in the liquid junction potential at the 1 M KCl bath bridge were probably smaller than 5 mV and were neglected. B: anionic Ileak passing through SMCT1 were measured in the presence of different concentrations of both Cl Ϫ and I Ϫ (MES Ϫ was the replacement anion), and the currents at ϩ50 mV were analyzed using Michaelis-Menten kinetics. The ibuprofen-sensitive currents observed were quasilinear, and kinetic characterization of the transport was thus impossible. Values shown represent mean ibuprofen-sensitive currents Ϯ SE (n ϭ 6). C: Ileak mediated by cotransported monocarboxylates were examined using control conditions (containing 96 mM NaMES) as well as superfusion with solutions in which 25 mM of NaMES was replaced by 25 mM of Na lactate, Na propionate, or NaI. A representative experiment is shown; this was replicated six times. SMCT1, which are inhibited by either ibuprofen or by SMCT1 substrates, and which are hallmarks of electrogenic cotransporter expression. Figure 5 shows that the presence of iodide in the superfusing solution caused a considerable shift in the Q-V curve for SMCT1 presteady-state currents, indicating direct interaction between this ion and the SMCT1 protein. This direct interaction, along with the fact that ibuprofen inhibits both the leak current and the cotransport current, makes it extremely unlikely that the large leak currents described here might be due to stimulation of a native oocyte anion channel consequent to SMCT1 expression.
Bidirectional leak current demonstration. Chloride is the only anion (of significant concentration) within oocytes capable of producing a leak current through SMCT1 and thus inward currents via the leak conductance were small and not easily measured. Since outward leak currents are much larger for nitrate than for equivalent amounts of chloride, we sought to examine the bidirectional nature of the leak current by injecting NMDGNO 3 into SMCT1-expressing oocytes. Injection of 23 nl of 200 mM NMDGNO 3 should produce an average intracellular [NO 3 Ϫ ] of 18 mM (given an oocyte radius of 0.5 mm and cytoplasmic water space comprising 50% of cell volume). Subsequent measurement of ibuprofen-inhibited currents through the membrane of SMCT1-expressing oocytes showed a significant, albeit small, increase in inward leak currents (outward anion flux) at most transmembrane potentials (see Fig. 6A ). The inward leak current was increased by 35 Ϯ 9 nA at Ϫ50 mV (n ϭ 4, means Ϯ SE) due to the intracellular nitrate. The marked rectification observed with Cl Ϫ flux was also present for the NO 3 Ϫ flux, confirming that the leak current passes in both directions but experiences significant outward rectification. When NMDGNO 3 was injected into control oocytes, there was no apparent change in membrane currents (see Fig. 6B ), which showed no ibuprofen-sensitive leak currents under any of the conditions tested.
Apparent rectification is a consequence of voltage-dependent Na ϩ binding. Previous examination of the Na ϩ dependence of SMCT1 activities necessitated the measurement of currents inhibited by ibuprofen at different Na ϩ concentrations. Given that ibuprofen competitively inhibits the transport of SMCT1 anionic substrates, the binding of one or two Na ϩ ions is presumably required for ibuprofen binding to this family of proteins (3, 38) , and it is thus very difficult to distinguish between Na ϩ effects on the leak current and Na ϩ effects on ibuprofen binding. The large leak currents generated by I Ϫ or NO 3 Ϫ ions, which exceed other oocyte membrane conductances, enable examination of the Na ϩ sensitivity of SMCT1 leak currents without necessitating the use of ibuprofen.
Total membrane currents from oocytes expressing SMCT1 were measured in the presence of different extracellular Na ϩ concentrations before and after injection of 23 nl of 200 mM NMDGI; subtraction of one from the other produced the specific current due to the presence of intracellular iodide. Unlike the Na ϩ -dependent leak currents reported for other SLC5 proteins (9, 23, 40) , the presence of external Na ϩ actually inhibited the outward flux of iodide through SMCT1 (see Fig. 7A ); a similar effect on the much smaller outward flux of Cl Ϫ ions could also be discerned before NMDGI injection (data not shown). Control oocytes (not injected with mRNA) displayed slightly diminished currents at positive potentials following injection of NMDGI with no Na ϩ dependence. Consequently, it can be concluded that extracellular Na ϩ binding inhibits the inward SMCT1 leak current. We estimated the inhibitory efficacy of Na ϩ by measuring the currents induced by NMDGI injection at different levels of external [Na ϩ ]. The leak currents inhibited by Na ϩ were fitted to the Michaelis-Menten equation, and Fig. 7B shows the derived "K i " values for Na ϩ as a function of membrane potential. At Ϫ150 mV, the apparent K i is Ϫ31 Ϯ 4 mM, and it rapidly increased with depolarization; in comparison, the Na ϩ K m measured for cotransport at Ϫ150 mV was 25 Ϯ 5 mM and it, too, rapidly increased with depolarization (8) . The presence of a Na ϩ -independent current in some oocytes (following NMDGI injection), combined with the rising K i for Na ϩ and the diminishing size of the leak current as the membrane was depolarized, made the estimates of K i levels above Ϫ100 mV less reliable. However, it is apparent that the K i value does increase as the membrane potential depolarizes. To determine whether Na ϩ inhibits the leak current in both directions, we examined the effects of external Na ϩ on the outward leak current provided by replacing 96 mM external Cl Ϫ with 96 mM I Ϫ to generate large outward currents. The current at positive membrane potentials is increased across most of the voltage range by the absence of Na ϩ (see Fig. 7C ). The increase at Ϫ10 mV was significant (P Ͻ 0.0001, n ϭ 6) and averaged 280 Ϯ 50 nA (means Ϯ SE). At highly depolarized potentials, the effect of Na ϩ on the leak current is diminished, presumably due to the increased Na ϩ K m at positive potentials. It is clear, however, that the binding of Na ϩ to SMCT1 inhibits both inward and outward leak currents and that the apparent rectification of the leak current by membrane potential is a consequence of inhibition by Na ϩ binding, which is voltage dependent.
DISCUSSION
A number of Na ϩ cotransport proteins exhibit an anionic leak current (4, 17) and some leak currents are inhibited by external Na ϩ (20) . Our results show that both of these conditions apply to SMCT1, which makes it somewhat unusual within the SLC5A family whose members generally feature leak currents that have been described as representing uncoupled Na ϩ flux (9, 12, 27) . At negative membrane potentials, the K i values for Na ϩ inhibition of the leak current are similar to the K m values for cotransport (8) , suggesting that the inhibition by Na ϩ of the leak current is due to the cation binding at the site used for cotransport.
These conclusions stem from experiments involving anion replacement in the solutions that bathe oocytes expressing SMCT1. Any work involving anion specificity depends crucially on the replacement anions used. We first sought to ensure that replacement anions neither inhibited the cotransporter nor acted as a substrate for cotransport or leak and found that our previous observation of stimulation of SMCT1 activity by external Cl Ϫ (8) was actually a consequence of cotransport inhibition by the replacement anion cyclamate. This inhibition is somewhat anomalous in that the known substrates and inhibitors of this protein comprise a diverse group of monocarboxylates, whereas cyclamate is a sulfamate. Fortunately, the sulfonate MES Ϫ is a replacement anion that neither induces nor inhibits currents through this protein, enabling us to investigate the effects of various anions on the cotransport and leak currents of SMCT1.
One important caveat when examining currents following membrane protein expression in Xenopus oocytes is that the measured currents may not be mediated through the expressed protein itself but may instead be artifacts of the oocyte expression system; many instances exist of interesting currents observed in oocytes that were subsequently shown to be due to stimulated expression/activity of native oocyte proteins caused by overexpression of a heterologous protein (33, 36, 39) . For instance, the anionic current stimulated by expression of two structurally unrelated proteins in Xenopus oocytes described by Buyse et al. (5) had the same anionic permeability sequence as that observed here, although with quite different P X /P Cl ratios. However, the gross diminution of SMCT1 presteady-state currents by 96 mM I Ϫ indicated that the presence of iodide reduced the charge displacement associated with the voltagedependent conformational change experienced by the cotransporter. This suggests a direct interaction between iodide and SMCT1. In addition, both leak and cotransport currents were inhibited by ibuprofen as well as by other inhibitors (unpublished observations). Finally, the SMCT1 leak current is inhibited by external Na ϩ with an affinity quite similar to the Na ϩ affinity observed for SMCT1 cotransport activity. At Ϫ150 mV, the Na ϩ K i for SMCT1 leak inhibition is 30 mM (see Fig.  7B ), whereas the Na ϩ K m for propionate cotransport is 25 mM (8). In contrast, the endogenous oocyte anionic channel, which is often induced by expressing another membrane protein in oocytes, is unaffected by Na ϩ (21) . The combination of these results indicate that the leak current is mediated by SMCT1 itself and is not an artifact of the expression system. Our initial observations of the leak current through SMCT1 included voltage rectification (8) . Whereas membrane potential itself still appears to have a slight effect on this leak current, most of the rectification that we described was largely due to voltage-dependent inhibition by external Na ϩ . In the absence of external Na ϩ , this inhibition is not present; at Ϫ50 mV, most of the inhibition is removed by decreasing the superfusing [Na ϩ ] to 40 mM. Consequently, any physiological role for the leak current could occur under conditions of either low [Na ϩ ] or depolarized membrane potentials.
The most obvious physiological role for the leak current is that it could function as a nitrate or iodide conductance in vivo, but there are two factors that tend to contradict this. First, normal mammalian extracellular Na ϩ concentrations (ϳ140 mM) and membrane potentials (approximately Ϫ50 mV) indicate that the anion leak through SMCT1 would be greatly inhibited under physiological conditions. Second, given the physiological concentrations of chloride, iodide, and nitrate (10, 22, 28) and the fact that SMCT1 is six to nine times more permeable to I Ϫ and NO 3 Ϫ than it is to Cl Ϫ , the chloride flux through the SMCT1 leak would be two to three orders of magnitude greater than the flux of iodide or nitrate.
There are, however, several milieus within the body where extracellular [Na ϩ ] is low and the membrane potential is somewhat depolarized, such as the distal colonic lumen (19, 26) and the thyroid follicular lumen (11, 42, 43) . SMCT1 is prominently expressed at apical membranes in both of these locations. Whereas it would be tempting to ascribe the apical iodide efflux in thyrocytes to SMCT1, a genetic knockout model has established that thyroid function and hormone levels are completely normal in SMCT1 Ϫ/Ϫ mice (14) , indicating that this protein lacks a dominant role in thyroid iodide transit. In fact, the only measured change in these mice was decreased lactate reabsorption by the kidney and the salivary glands.
Still, SMCT1 may play a partial role in the iodide efflux at thyrocyte apical membranes, where only a tiny amount of iodide transport is required (which could thus coexist with a large, bidirectional chloride flux). At the apical membranes of colonocytes, the predominant anion passing through this leak conductance would also be chloride. Given the complicated (and poorly understood) interplay between the transport of monocarboxylates, Na ϩ , and Cl Ϫ in the colon (32, 41) , a role for Cl Ϫ flux through this protein cannot be ruled out. SMCT1 clearly exhibits a large anionic leak current that is inhibited by the binding of Na ϩ to this cotransport protein. We have conclusively shown that the anionic SMCT1 leak current passes through the protein itself and is not the anionic current often produced by expression of exogenous membrane proteins in Xenopus oocytes. The amplitude of the leak current through SMCT1 can be quite substantial (the same order of magnitude as the maximal cotransport current), suggesting that SMCT1 may serve a second physiological role where extracellular [Na ϩ ] is low. Further studies will be needed to demonstrate the pertinence of such a role in the different physiological situations where SMCT1 is involved.
